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Abstract 
Josephson junctions with graphene as the weak link between superconductors have been 
intensely studied in recent years, with respect to both fundamental physics and potential 
applications. However, most of the previous work was based on mechanically exfoliated 
graphene, which is not compatible with mass production. Here we present our research using 
graphene grown by chemical vapour deposition (CVD) as the weak link of Josephson 
junctions. We demonstrate that CVD-graphene-based Josephson junctions with Nb electrodes 
can work effectively without any thermal hysteresis from 1.5 K down to a base temperature 
of 320 mK, and they show an ideal Fraunhofer-like interference pattern in a perpendicular 
magnetic field. We also show that the critical current of the junction can be tuned by a gate 
voltage. Furthermore, for our shortest junctions (50 nm in length), we find that the normal 
state resistance oscillates with the gate voltage, indicating that the junctions are in the 
ballistic regime, a feature not previously observed in CVD-graphene-based Josephson 
junctions. 
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The experimental isolation of mono-layer graphene
1
 has triggered an enormous effort to 
explore the new physical properties of graphene-superconductor hybrid structures. The 
unique band structure of graphene led to the prediction in 2006 that superconductor-
graphene-superconductor (SGS) Josephson junctions should have a bipolar critical current 
that can be tuned from the electron band to the hole band by application of a gate voltage.
2
 
Such a unique property introduces a new degree of freedom for device operation, and offers 
the potential for a range of novel applications in magnetic metrology, quantum information, 
and other graphene-based electronics. Since the first SGS junction was experimentally 
realised by Heersche et al. in 2007,
3
 a number of papers on graphene- or thin-graphite-based 
Josephson junctions and SQUIDs have been published,
4–25
 and many novel phenomena 
including multiple Andreev reflection
3,4,6–8,14,15,18–20,23
 and ballistic transport
15,17–20,23
 have 
been discovered and discussed. The earlier work on SGS junctions was mainly based on 
mechanically exfoliated graphene,
3–14,16,21,22
 due to the high quality and easy availability of 
such samples. To further investigate the new physics in the ballistic regime of the SGS 
junctions, various treatments had been made on mechanically exfoliated graphene, such as 
suspending it,
15,23
 or encapsulating it in hexagonal boron nitride (hBN).
17,20
 Recently, a few 
reports on SGS junctions based on epitaxial graphene on a SiC substrate
24
 or graphene grown 
by CVD
25
 have been published. However, the fabrication and measurement of SGS junctions 
compatible with large scale production remain less explored, and applications involving 
multiple SGS junctions are still a long way off. 
Here we report our study on SGS junctions based on CVD graphene. The fabrication process 
has been carefully optimised to be compatible with very short and wide junctions. We show 
that these junctions exhibit ideal I-V characteristics and an ideal Fraunhofer pattern in a 
perpendicular magnetic field. We also show that the critical current of the junction can be 
effectively tuned by the gate voltage. Conduction through junctions based on CVD graphene 
is usually assumed to be diffusive due to a short mean free path.
25
 However, our carefully 
controlled fabrication technique allows us to build junctions as short as 50 nm, which appears 
to be shorter than the mean free path. Consequently we managed to observe the oscillation of 
the junction normal state resistance versus gate voltage in more than one device, indicating 
that our shortest junctions are in the ballistic regime. The ballistic transport is also consistent 
with the behaviour of the critical current as a function of temperature. 
We have developed a robust process to fabricate Josephson junctions based on CVD 
graphene, which is compatible with mass production. The graphene samples used in our 
experiment (Graphenea
TM
) were synthesised and transferred to a silicon substrate with a 300-
nm-thick oxide layer. The transferred graphene was initially characterised by atomic force 
microscopy (AFM) and Kelvin probe force microscopy (KPFM), which showed that the 
silicon substrate was fully covered by graphene, mostly mono-layer (see Supporting 
Information for the images). After that, we use electron beam lithography (EBL) to define the 
superconducting electrodes. In order to reduce the junction normal state resistance Rn and 
thus to increase the junction critical current Ic, the Josephson junctions we define are of short 
length L, in the range 50-250 nm, and large width W = 80 μm, i.e. with a typical aspect ratio 
of ~1/1000 (Figure 1). After developing the resist, a tri-layer of Ti (5 nm)/Nb (70 nm)/Au (8 
nm) is sputtered onto the sample, followed by lift-off without sonication. Ti is used here as an 
adhesive layer, while Au is sputtered immediately after Nb to prevent its oxidation. Since 
sputtered atoms are less directional than evaporated atoms, sputtering and lift-off are 
somewhat incompatible with each other in a normal micro-fabrication process, especially for 
small structures with dimensions of tens of nanometres. However, by using double-layer 
PMMA resist and sputtering the tri-layer at a lower rate to prevent overheating the sample, 
we managed to fabricate short and wide Josephson junctions with a very high throughput. We 
have inspected the fabrication of hundreds of devices in a single EBL process, and the visible 
yield is higher than 95%. After defining the junctions, another EBL process is used to remove 
the graphene surrounding the devices by Ar milling, so that the devices are isolated from one 
another and the junctions have no additional shunt resistance outside the gap between the 
electrodes. The highly-doped silicon substrate is connected as the back gate electrode. (See 
Supporting Information for fabrication details.) 
We measured the electronic properties of the graphene-based Josephson junctions using a 
normal 4-probe configuration, in a 
3
He cryostat with a base temperature of 320 mK. As 
shown in Figure 2(a), the Josephson junctions exhibit normal I-V characteristics at the base 
temperature without any hysteresis, as predicted by the resistively shunted junction (RSJ) 
model for over-damped junctions. As temperature gradually increases, the critical current Ic 
becomes smaller, and the transition close to Ic becomes slightly rounded, which is the 
common behaviour of a strongly overdamped junction with increasing thermal noise. The 
Josephson effect is still obvious up to 1.50 K, indicating that the junction can operate over a 
wide temperature range. By plotting the differential resistance dV/dI as a function of bias 
current (Figure 2(b)), we can see the trend more clearly. The two peaks in the dV/dI curves, 
indicating the transition near Ic, gradually become weaker in height and closer to each other 
as the temperature increases.  
To investigate this further, we plot the critical current as a function of temperature for 
junctions with lengths of 50 nm, 150 nm and 250 nm, in Figures 2(c)-(e) respectively. For 
each device, the critical current Ic increases as the temperature T decreases. However, the Ic-T 
curves are not identical in shape. For the 150-nm- and 250-nm-long junctions, the critical 
current Ic tends to saturate when the temperature is below a certain value, whereas for the 50-
nm-long junction, the critical current Ic is still increasing at the lowest temperatures. Such a 
difference in the Ic-T curves can be well explained by the theory of weak-links in the “dirty” 
or “clean” limit developed by Kulik and Omelyanchuk (the KO-1 and KO-2 theories).26,27 A 
weak-link junction is in the dirty limit if the junction length L is much longer than the mean 
free path l, and is in the clean limit if L << l. For a weak-link junction in the dirty limit, as 
shown by the KO-1 theory, the supercurrent Is is related to temperature T by 
 𝐼𝑠(𝑇, 𝜑) =
2𝜋𝑘𝐵𝑇
𝑒𝑅𝑛
∑
2Δ cos(𝜑/2)
𝛿𝜔>0
arctan
Δ sin(𝜑/2)
𝛿
 (1) 
where Rn is the normal state resistance of the junction, Δ is the temperature dependent energy 
gap of the superconductor, 𝜔 = 𝜋𝑘𝐵𝑇(2𝑛 + 1)/ℏ is the Matsubara frequency for integer n, φ 
is the phase difference across the weak-link, and δ = √Δ2 cos2(𝜑/2) + (ℏ𝜔)2. For a weak 
link in the clean limit, the Is-T relationship is described by the KO-2 theory, 
 𝐼𝑠(𝑇, 𝜑) =
𝜋Δ
𝑒𝑅𝑛
sin(𝜑/2) tanh
Δ cos(𝜑/2)
2𝑘𝐵𝑇
 (2) 
For a given T, the expressions in Eqs. (1) and (2) need to be maximised over φ to determine 
Ic(T). Qualitatively speaking, the Ic-T curves determined by the KO-1 and KO-2 theory 
almost coincide with each other when the temperature is close to Tc.
28
 As temperature 
decreases, the Ic of a dirty junction tends to saturate while the Ic of a clean junction is still 
increasing. As shown by the red curves in Figures 2(c)-(e), the measured Ic-T curves of the 
150-nm- and 250-nm-long junction can be well fitted by the KO-1 theory, while the Ic-T 
curves of the 50-nm-long junction is better fitted by the KO-2 theory (see Supporting 
Information for detailed fitting results). This suggests that junctions longer than 150 nm are 
in the dirty regime where the transport of charge carriers is diffusive, while the 50-nm-long 
junction is in the clean regime where ballistic transport takes place. According to the fits, the 
junction transition temperature Tc is 1.51~1.73 K, which is much smaller than that of the 
superconducting electrodes (Tc ~ 9 K). This is probably because the interface between the 
graphene and the superconducting electrode is not highly transparent, so that the 
superconducting gap induced in the graphene by the proximity effect is much weakened. We 
also note that the critical current Ic at the base temperature does not show a strong 
dependence on the junction length. This is because the contact resistance between the 
graphene and the superconducting electrode, which shows some device-to-device variation, 
makes a large contribution to the normal state resistance, as will be confirmed below. As a 
result, the normal state resistance Rn also shows some device-to-device variation and is not so 
sensitive to the junction length. Since Ic is inversely proportional to Rn in both the KO-1 and 
KO-2 theories, Ic does not show a strong dependence on the junction length for the range of 
lengths we have considered.  
We also measured the electronic properties of the junctions in a perpendicular applied 
magnetic field. As Josephson junctions with finite area, they are expected to show the effect 
of quantum interference, since the perpendicular magnetic field can induce a phase difference 
between the supercurrent at different points across the junction width. In Figure 3, we plot 
dV/dI as a function of bias current I and magnetic field B in a 2D colour scale plot. The 
purple region is where the differential resistance is zero, and the outline of the purple region 
indicates the critical current. As can be seen in the plot, the outline of the purple region can 
be perfectly fitted by an ideal Fraunhofer-like pattern, 𝐼c ∝ sin(𝜋𝐵/Δ𝐵) (𝐵/Δ𝐵)⁄ ,  as 
indicated by the black dashed lines, where ΔB is the field needed to reach the first minimum. 
The higher-order peaks, though not as high in contrast as the central ones, are still clearly 
visible. In another measurement on the same device, we managed to see peaks up to ±80 μT 
(Figure S3 in Supporting Information). The observation of the Fraunhofer pattern indicates 
that the junction, although having an aspect ratio of 1/320, is still quite uniform in terms of 
the distribution of its supercurrent density. Since the first minimum corresponds to one flux 
quantum Φ0 in the junction, we can calculate the effective area of the junction as 
Aeff = Φ0/ΔB = 280 μm
2
. This is much larger than the effective area naively estimated as 
A’eff = (L+2λ)W = 26 μm
2
, corresponding to the area of the normal region between the 
electrodes plus the area of the electrodes the field penetrates into, set by the penetration 
depth λ. However the latter estimate ignores the strong flux focussing caused by the Meissner 
effect in the electrodes, which each extend 5 μm away from the junction region meaning their 
area is much larger than that of the junction. The measured effective area corresponds to 
about 35% of the flux applied to each electrode being forced into the junction area, so this is 
a reasonable explanation for the size of the discrepancy. 
One of the key advantages of a graphene-based Josephson junction is that the critical current 
can be effectively tuned by the gate voltage, thanks to the relatively low density of states in 
graphene.
3–6,8–15,18,20–22,25
 In Figure 4(a) we show I-V curves measured on the same device 
under different gate voltages. Unlike the case in Figure 2(a), the gate voltage not only affects 
the critical current, but also the normal state resistance. The effect is more clearly 
demonstrated if we plot dV/dI as a function of bias current and gate voltage in a 2D colour 
plot (Figure 4(b)). As the gate voltage increases from -50 V to 50 V, the critical current (the 
boundary of the dark blue region) gradually decreases from 8.5 μA to 1.5 μA, i.e. a nearly 6-
fold change. However, even when gate voltage is as large as 50 V, we still do not reach the 
Dirac point of the graphene. This is simply because our particular CVD graphene sample is 
heavily p-doped, and the oxide layer of the silicon substrate is too thick to effectively tune the 
Fermi level in the graphene. Since our fabrication technique is suited to any CVD graphene 
sample, this problem can be easily solved in future. Note that the discontinuity that appears at 
±25 V is purely an artefact from the measurement system. Our junctions are found to be very 
sensitive to noise, and the source for gate voltage happens to have higher ac noise level while 
working in the range from 25 V to 50 V. 
The product of critical current Ic and normal state resistance Rn is the characteristic switching 
voltage when the junction jumps from the superconducting state to the normal state around 
the critical current. For a weak-link Josephson junction in the dirty limit, the product IcRn is a 
figure of particular interest since it is solely determined by the operating temperature and the 
energy gap of the superconductor, as indicated by the form of Eq. (1). If the temperature is 
much lower than Tc, the product should be a constant 
 𝐼𝑐𝑅𝑛~2.07 Δ0 𝑒⁄  (3) 
where Δ0 ≈ 1.764𝑘𝐵𝑇𝑐 is the superconducting energy gap at T = 0 K. In Figure 4(c) we plot 
both the normal state resistance Rn and the product IcRn as a function of the gate voltage, for 
the 150-nm-long junction. As the gate voltage draws closer to the Dirac point, the critical 
current decreases while the normal state resistance increases. Their product IcRn remains a 
constant when the gate voltage is far away from the Dirac point; however, it drops as the gate 
voltage approaches the Dirac point. Even in the constant regime, the measured value of IcRn 
is only ~1/10 of the theoretical one determined by Eq. (3). Such suppression of IcRn is 
frequently discussed in previous reports on graphene-based Josephson junctions, and there 
still remains some controversy about the exact cause. Many authors believe that the overall 
suppression of IcRn is a result of the imperfect interface between graphene and the 
superconductor.
13,15,18,25
 As to the further drop of IcRn near the Dirac point, most authors 
believe that it is caused by a discrepancy between the intrinsic critical current and the 
measured critical current due to premature switching, which is expected to be more 
pronounced near the Dirac point.
3,4,6,8
 However, others attribute the suppression of IcRn to 
specular Andreev reflection that occurs close to the Dirac point.
13
 
Figure 4(d) shows the normal state resistance of a 50-nm-long SGS junction as a function of 
gate voltage, which displays a similar trend as Figure 4(c). However, we can also observe 
small oscillations in the Rn-Vg curve. If we fit the curve by a smooth polynomial, and plot the 
fitting residue versus Vg, the periodic oscillation can be more easily seen, as shown in the 
lower panel of Figure 4(d). We believe that such oscillations are due to the phase-coherent 
interference of charge carriers in the Fabry-Perot cavity defined by the n-p-n junction that 
arises from the different doping levels in the exposed graphene and the unexposed graphene 
(under the electrodes). Such oscillations provide more evidence that the junction is in the 
ballistic regime. The oscillation is reproducible when the gate voltage is swept upwards or 
downwards. Similar oscillations were observed in a further 50-nm-long junction that we 
measured, but not in any 150-nm- or 250-nm-long junctions. Therefore, we believe that the 
shortest junctions are ballistic while the longer ones are diffusive, allowing us to estimate the 
mean free path in the graphene to be between 50 nm and 150 nm. The mean free path l in 
graphene can be precisely calculated as long as the conductivity σ and the area carrier density 
n of the graphene are known. To determine these parameters we fabricated some additional 
Hall bar structures on the same CVD graphene sample, using the same fabrication technique 
as for the junctions. From a 4-probe measurement on the Hall bar at room temperature, we 
calculate that the conductivity σ of the graphene is 1.92 mS. From the Hall effect 
measurement at room temperature, we calculate that the area carrier density n of the graphene 
is 5.59 × 10
12
 cm
-2
. (See Supporting Information for detailed measurement results.) Thus the 
mean free path at room temperature can be calculated as 𝑙 = 𝜎ℎ 2𝑒2√𝑛𝜋⁄ = 59 nm. The 
mean free path is only expected to be a fraction higher at low temperatures, so that the value 
obtained from the Hall measurement is in excellent agreement with our estimated range 
above. The measured conductivity of graphene also implies that the contact resistance 
between the graphene and the superconducting electrodes accounts for a large proportion of 
the normal state resistance of the junction. 
In conclusion, we have developed a successful method to fabricate Nb/Graphene/Nb 
Josephson junctions based on CVD graphene, which is important for both fundamental 
research and applications. The excellent quality of our junctions has been demonstrated by a 
series of measurements. The junctions can work over a wide temperature range from 320 mK 
to 1.50 K without any hysteresis, and exhibit an ideal Fraunhofer quantum interference 
pattern in a perpendicular magnetic field, showing the uniform distribution of the 
supercurrent in the junction. By carefully optimising the fabrication process, we have 
managed to reduce the junction length to 50 nm, shorter than the mean free path, so that 
evidence of ballistic transport can be observed. As far as we know, this is the first time 
ballistic transport has been observed in a junction based on CVD graphene. In addition, the 
critical current can be effectively modulated by the gate voltage, allowing more flexibility for 
device operation, for example simpler voltage-based control of flux or phase qubits 
incorporating Josephson junctions. Thanks to the relatively low cost and high quality of CVD 
graphene, our device is compatible with large scale production whilst maintaining its 
excellent properties, and so provides a competitive solution for graphene-based electronics. 
Reference 
1. Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science  
306, 666–669 (2004). 
2. Titov, M. & Beenakker, C. W. J. Josephson effect in ballistic graphene. Phys. Rev. B 
74, 041401 (2006). 
3. Heersche, H. B., Jarillo-Herrero, P., Oostinga, J. B., Vandersypen, L. M. K. & 
Morpurgo, A. F. Bipolar supercurrent in graphene. Nature 446, 56–59 (2007). 
4. Du, X., Skachko, I. & Andrei, E. Y. Josephson current and multiple Andreev 
reflections in graphene SNS junctions. Phys. Rev. B 77, 184507 (2008). 
5. Girit, C. et al. Tunable Graphene dc Superconducting Quantum Interference Device. 
Nano Lett. 9, 198–199 (2009). 
6. Miao, F., Bao, W. Z., Zhang, H. & Lau, C. N. Premature switching in graphene 
Josephson transistors. Solid State Commun. 149, 1046–1049 (2009). 
7. Ojeda-Aristizabal, C., Ferrier, M., Guéron, S. & Bouchiat, H. Tuning the proximity 
effect in a superconductor-graphene-superconductor junction. Phys. Rev. B 79, 165436 
(2009). 
8. Jeong, D. et al. Observation of supercurrent in PbIn-graphene-PbIn Josephson junction. 
Phys. Rev. B 83, 094503 (2011). 
9. Lee, G. H., Jeong, D., Choi, J. H., Doh, Y. J. & Lee, H. J. Electrically Tunable 
Macroscopic Quantum Tunneling in a Graphene-Based Josephson Junction. Phys. Rev. 
Lett. 107, 146605 (2011). 
10. Borzenets, I. V, Coskun, U. C., Jones, S. J. & Finkelstein, G. Phase diffusion in 
graphene-based Josephson junctions. Phys. Rev. Lett. 107, 137005 (2011). 
11. Coskun, U. C. et al. Distribution of Supercurrent Switching in Graphene under the 
Proximity Effect. Phys. Rev. Lett. 108, 097003 (2012). 
12. Popinciuc, M. et al. Zero-bias conductance peak and Josephson effect in graphene-
NbTiN junctions. Phys. Rev. B 85, 205404 (2012). 
13. Komatsu, K., Li, C., Autier-Laurent, S., Bouchiat, H. & Gueron, S. Superconducting 
proximity effect in long superconductor/graphene/superconductor junctions: From 
specular Andreev reflection at zero field to the quantum Hall regime. Phys. Rev. B 86, 
115412 (2012). 
14. Choi, J. H. et al. Complete gate control of supercurrent in graphene p-n junctions. Nat. 
Commun. 4, 2525 (2013). 
15. Mizuno, N., Nielsen, B. & Du, X. Ballistic-like supercurrent in suspended graphene 
Josephson weak links. Nat. Commun. 4, 2716 (2013). 
16. Borzenets, I. V et al. Phonon bottleneck in graphene-based Josephson junctions at 
millikelvin temperatures. Phys. Rev. Lett. 111, 027001 (2013). 
17. Calado, V. E. et al. Ballistic Josephson junctions in edge-contacted graphene. Nat. 
Nanotechnol. 10, 761–765 (2015). 
18. Li, C., Guéron, S., Chepelianskii, A. & Bouchiat, H. Full range of proximity effect 
probed with superconductor/graphene/superconductor junctions. Phys. Rev. B 94, 
115405 (2016). 
19. Lee, G., Kim, S., Jhi, S. & Lee, H. Ultimately short ballistic vertical graphene. Nat. 
Commun. 6, 7181 (2015). 
20. Borzenets, I. V et al. Ballistic Graphene Josephson Junctions from the Short to the 
Long Junction Regimes. Phys. Rev. Lett. 117, 237002 (2016). 
21. Tsumura, K. et al. Non-equilibrium photoexcited carrier effects in a graphene-based 
Josephson junction. Appl. Phys. Lett. 108, 003109 (2016). 
22. English, C. D. et al. Observation of nonsinusoidal current-phase relation in graphene 
Josephson junctions. Phys. Rev. B 94, 115435 (2016). 
23. Kumaravadivel, P. & Du, X. Signatures of evanescent transport in ballistic suspended 
graphene-superconductor junctions. Sci. Rep. 6, 24274 (2016). 
24. Jouault, B. et al. Josephson Coupling in Junctions Made of Monolayer Graphene 
Grown on SiC. J. Supercond. Nov. Magn. 29, 1145–1150 (2016). 
25. Ke, C. T. et al. Critical Current Scaling in Long Diffusive Graphene-Based Josephson 
Junctions. Nano Lett. 16, 4788–4791 (2016). 
26. Kulik, I. O. & Omelyanchuk, A. N. Contribution to the microscopic theory of the 
Josephson effect in superconducting bridges. JETP Lett. 21, 96–97 (1975). 
27. Kulik, I. O. & Omelyanchuk, A. N. Fiz. Nizk. Temp. 3, 945 (1977). 
28. Likharev, K. K. Superconducting weak links. Rev. Mod. Phys. 51, 101–159 (1979). 
 
  
 Figure 1. (a) Schematic diagram (not to scale) of a superconductor-graphene-superconductor 
(SGS) Josephson junction fabricated on a silicon substrate with an oxide layer. The junction 
is of length L and width W. (b) Optical microscope image showing two Josephson junctions 
fabricated using CVD graphene and Nb electrodes. (c) SEM image of part of one junction, 
marked by the red box in (b), showing that the junction is only 50 nm in length. 
  
 Figure 2. I-V characteristics of the devices versus temperature. (a) I-V characteristics of a 
250-nm-long SGS junction measured at different temperatures. (b) The differential resistance 
dV/dI versus bias current I, measured on a 250-nm-long SGS junction from 0.32 K to 1.50 K. 
(c) – (e) The critical current Ic versus temperature T, measured on (c) 50-nm-long, (d) 150-
nm-long and (e) 250-nm-long SGS junctions, respectively. The red curve in (c) is the fitting 
of Ic+ by KO-2 theory, while the red curves in (d) and (e) are the fitting of Ic+ by KO-1 theory, 
as described in the main text. 
  
 Figure 3. Colour scale plot of the differential resistance dV/dI as a function of bias current I 
and magnetic field B, measured on a 250-nm-long SGS junction at 0.32 K, showing an ideal 
Fraunhofer-like interference pattern. The shape of the pattern can be well fitted by 𝐼c ∝
sin(𝜋𝐵/Δ𝐵) (𝐵/Δ𝐵)⁄ , as indicated by the black dashed lines, where ΔB is the field need to 
reach the first minimum. 
  
 Figure 4. Electronic properties of a 150-nm-long and a 50-nm-long SGS junction versus gate 
voltage. (a) I-V characteristics of the 150-nm-long junction under different gate voltages. (b) 
Colour scale plot of the differential resistance dV/dI as a function of bias current I and gate 
voltage Vg, for the 150-nm-long junction. (c) Normal state resistance Rn and the product IcRn 
versus gate voltage Vg, for the 150-nm-long junction. (d) Upper panel: normal state resistance 
Rn versus gate voltage Vg, for the 50-nm-long junction, fitted by a polynomial (red curve). 
Lower panel: fitting residue versus gate voltage Vg, showing periodic oscillations. The red 
and blue points are the residues when Vg is swept upwards and downwards, respectively. All 
data was measured at 320 mK. 
